Abstract. This short paper presents phase and coherence data from the cross-wavelet transform applied on longitudinally separated very high frequency (VHF) equatorial ionospheric scintillation observations over Christmas Island. The phase and coherence analyses were employed on a pair of scintillation observations, namely, the east-looking and westlooking VHF scintillation monitors at Christmas Island. Our analysis includes 3 years of peak season scintillation data from 2008, 2009 (low solar activity), and 2011 (moderate solar activity). In statistically significant and high spectral coherence regions of the cross-wavelet transform, scintillation observations from the east-looking monitor lead those from the west-looking monitor by about 20 to 60 (40 ± 20) min (most frequent lead times). Using several years (seasons and solar cycle) of lead (or lag) and coherence information of the cross-wavelet transform, we envisage construction of a probability model for forecasting scintillation in the nighttime equatorial ionosphere.
Introduction
Equatorial spread F (ESF) comprises plasma density irregularity processes occurring at night in the equatorial and low-latitude ionosphere. A broadband spectrum of fieldaligned plasma density irregularities (ESF) is excited by ionospheric interchange instabilities (Hysell, 2000) . The performance of signals from trans-ionospheric communication and navigation satellites is severely degraded by scintillation caused by the plasma irregularities (de La Beaujardiére and the C/NOFS Science Definition Team, 2004; de Paula et al., 2003) . Forecasting equatorial spread F (ESF) and scintillation, and studying the variabilities are, therefore, outstanding problems of equatorial aeronomy research.
In a recent publication, have suggested that phase and coherence of the cross-wavelet transform of longitudinally separated L-band scintillation observations over equatorial South America can be developed into scintillation and ESF forecast instruments. They have applied the phase and coherence calculations on two pairs of scintillation observations: (1) São Luís and Rio Branco (whose longitudes are separated by 23 • ), and (2) Alta Floresta and Huancayo (whose longitudes are separated by 21 • ). They have reported that in statistically significant and high spectral coherence regions of the cross-wavelet transform, scintillation observations over São Luís (Alta Floresta) lead those of Rio Branco (Huancayo) by ∼ 2 to 3 h with a 95 % frequency. In other words, if L-band scintillation happens over São Luís (Alta Floresta), there is a 95 % likelihood that scintillation will also occur to the west over Rio Branco (Huancayo) after ∼ 2 to 3 h suggesting that a forecast can be made ahead of scintillation occurrences.
Ultimately our objective is to develop a data-driven global scintillation and ESF forecast database. With that in mind, in this paper, by expanding the phase and coherence technique applied over the South American sector ), we have conducted further study in eastern Pacific longitude sectors, namely, over Christmas Island (2.0 • S, 202.6 • E, dip latitude 1.78 • S; Fig. 1 ). In this sector, the geophysical conditions, the geomagnetic field geometry (magnetic declination, ∼ 10 • E), and characteristics of plasma irregularities are different when compared to the American sector (Tsunoda, 1985; Aarons, 1993; Su et al., 2010) , and hence the impetus for investigating longitudinal properties of scintillation using the phase and coherence analysis technique.
In this short report, we specifically present coherence and phase of the cross-wavelet transform applied on the eastlooking and west-looking very high frequency (VHF) scintillation monitoring antennas over Christmas Island. The ionospheric pierce points (IPPs) of these two SATCOM (satellite communication, from geostationary satellite GEO) links are separated by about 9 • in longitude at 400 km altitude. (For further details about the coordinates of the IPPs of the east-and west-looking monitors, please consult Sects. 3.1 and 3.2.) The cross-wavelet analysis has been conducted in the context of building instruments for predicting scintillation and ESF plasma irregularities westward of scintillation observations. Application of coherence and phase calculations have been used in other geophysical applications such as climate research to forecast El Niño-Southern Oscillation (ENSO) and Indian summer monsoon (Torrence and Webster, 1999) , and also for investigating the behavior of the Madden-Julian Oscillation (MJO) with respect to ENSO (Whitcher et al., 2000) (for example).
Equatorial plasma irregularities and scintillation forecasts are the main objective of the Communication/Navigation Outage Forecast System (C/NOFS) satellite mission (de La Beaujardiére and the C/NOFS Science Definition Team, 2004) and the Scintillation Network Decision Aid (SCINDA) network (Groves et al., 1997; Caton and Groves, 2006) . We believe that the results of this research will contribute toward attaining the objectives of the C/NOFS satellite and SCINDA. The scintillation index, S 4 , is used as a quantitative measure of scintillation strength caused by plasma irregularities (Yeh and Liu, 1982; Kintner and Ledvina, 2005) . The S 4 index is defined as the normalized standard deviation of signal intensity (Yeh and Liu, 1982) :
where I , I , and I 2 represent the measured signal intensity, the average signal intensity, and the mean squared value of signal intensity, respectively. To calculate coherence and phase of the east-and westlooking pair of scintillation monitors over Christmas Island (IPPs are separated by ∼ 9 • longitude), we have used 1-minute S 4 estimates of VHF signals transmitted from SAT-COM (GEO satellites) and observed by the SCINDA network (Groves et al., 1997; Caton and Groves, 2006) . The scintillation signals have been measured as the density irregularities convect zonally through fixed IPPs. The synchronized motion of the GEO satellites and the ground-based VHF receivers (SCINDA) facilitates the longitudinal localization of signal propagation path. In other words, the signal ray paths are fixed with respect to the receiver on the ground, which creates a suitable scenario for our analysis.
Coherence and phase of the cross-wavelet transform
Coherence of a cross-wavelet transform is defined as the covariance between one or more signals in a 2D timefrequency representation. Coherence is a parameter used to identify frequency bands and time intervals within which two signals exhibit common power. The two input signals for the cross-wavelet transform in this case are VHF scintillation S 4 observed by the east-and west-looking monitors over Christmas Island (Fig. 1 , magenta color star).
Mathematically, the coherence function R(a, b) can be described in terms of the cross-wavelet transform W φ i φ k (a, b) as follows (Sello and Bellazzini, 2000; ):
where 0 ≤ R(a, b) ≤ 1, and the cross-wavelet transform is defined as for Fourier representation of a wavelet transform at longitude φ i ,
Equation 4 represents the inverse Fourier transform of the product F S 4 (t) φ i ψ * (aω), where F S 4 (t) φ i is the Fourier transform of the scintillation signal S 4 (t) φ i as a function of time t around longitude φ i . In this analysis, we employed the Morlet wavelet, whereψ(aω) = (2a
The phase or the relative phase difference P (a, b), in this specific case, produces a local measure of the delay of scintillation occurrences between the two longitudinally separated VHF signal monitors in a 2D time-frequency image highlighting a coherent behavior. The phase difference, which contains the lead/lag information, can be derived from the imaginary and real parts of the cross-wavelet transform W φ i φ k (Torrence and Webster, 1999; ):
where
As a continuation of the research by Shume and Mannucci (2013), this study makes use of the coherence R(a, b) and the phase P (a, b) information of longitudinally separated VHF scintillation observation over Christmas Island. The phase and coherence information could be used to develop a global scintillation forecast system westward based on observations to the east. Statistically significant regions of the cross-wavelet spectra (compared to a background red-noise spectrum) will be mainly employed for our analysis and interpretations.
The analysis technique described above simultaneously determines the phase and coherence of scintillationproducing regions separated by longitude. As a result, the analysis provides phase (lead/lag) information of highly coherent structures with a measure of statistical significance. Computing the phase and coherence of longitudinally separated scintillation-producing regions could be important in light of the longitudinal connection of the regions by the large-scale wave structures (LSWSs). Figure 1 shows the geometry of the VHF scintillation observations over Christmas Island. The location of the VHF receiver is shown by the star (magenta color) that is close to the magnetic equator (yellow line). The figure shows the geographic coordinates of the IPPs (around 400 km altitude) of the east-looking (black circle) and west-looking (magenta circle) signal monitors relative to their corresponding magnetic flux tube. The magnetic equator is shown as a yellow curve, and has been derived from the IGRF-11 model. The blue line connecting the two IPPs is about 9.0 • in longitudinal extent (which is about 1000 km).
Analysis and interpretation

Ionospheric pierce points (IPPs)
The spatial locations of the IPPs in Fig. 1 do not change with time relative to their respective magnetic flux tubes while monitoring VHF signals (and scintillations) in concert transmitted from SATCOM. The plasma density perturbations in the sample volume of the IPPs, however, could change very rapidly with time as the density irregularities convect in the zonal direction.
The data selection criteria for the phase and coherence analysis
At least two longitudinally separated scintillation observations are required to do phase and coherence calculations.
In this case we have used the east-looking and west-looking monitors whose IPPs are separated by about 9 • longitude as shown in Fig. 1 . The criteria we set to select the scintillation S 4 data for the phase and coherence analysis are the following:
1. Availability of at least 1 hour of continuous (without dropouts) VHF scintillation observations S 4 , 2. Availability of simultaneous S 4 data observed by the east-looking and west-looking monitors, 3. The magnitude of the VHF scintillation index S 4 should be greater than 0.2, and 4. Scintillation data free from radio frequency interference.
Phase and coherence calculations
The S 4 time series as a function of solar local time for 10 July 2008 over Christmas Island observed by the east-looking and west-looking signal monitors are shown in Fig. 2a and b, respectively. The corresponding power spectra (normalized by signal variance) are plotted in Fig. 2c and d exhibiting a common power around 160 min period. The coherence R(a, b) (Eq. 2) and phase P (a, b) (Eq. 5) of cross-wavelet transform of the two scintillation time series (shown in Fig. 2a and b) are shown in Fig. 2e and f. The black contour curves, in Fig. 2e and f, enclose the statistically significant regions. The statistically significant regions are measured in terms of the ratio of the cross-wavelet spectral power to a background spectrum, in this case, a rednoise spectrum. The contour curves enclose regions where the cross-wavelet power spectrum is 2, 4, and 6 times larger than a red-noise spectrum, going from the outside contour to the inside. In those regions the coherence is mostly > 0.8 (Fig. 2e) . In statistically significant regions (contour curves) and corresponding to high coherence, the phase difference (Fig. 2f) varies gently from about 0.1 to 0.3 radians showing a lead of scintillation occurrence for observations in the east compared to the west. The cones of influence (where edge effect becomes important) in Fig. 2e and f (shown by black solid lines) are far away from the region of interest.
We have repeatedly applied the phase and coherence calculation on 3 years of S 4 estimates from the east-looking and west-looking VHF signal monitoring pair, for the peak scintillation season periods in 2008, 2009, and 2011 . In the west Pacific region, scintillation intensity peaks from June to October (Aarons, 1993) . The 2010 scintillation data were severely contaminated with interference from unidentified sources. Based on the criteria set in Sect. Figs. 3c, d, 4c, d, 5c , and d. The histograms are produced using only a section of the coherence and lead/lag data between about 19:00 and 23:00. Overall there is a fair amount of similarity between the lead/lag (Figs. 3c, 4c , and 5c) and coherence (Figs. 3d, 4d, and 5d ) distributions. The histograms (Figs. 3d, 4d, and 5d) show that the most frequent signal coherence values are ≥ 0.6. Figures 3c, 4c , and 5c show the frequency of occurrences of the lead/lag information in histograms for the years 2008, 2009, and 2011, respectively. The phase difference is converted to a lead/lag information based on the fact that the phase variations of ±π correspond to ±12 h. The common feature of the lead/lag histograms (Figs. 3c, 4c , and 5c) is that the most frequent lead times are concentrated between about 10 and around 60 min for IPPs separated by about 10 • longitudes (about 1000 km east-west distance).
Lead/lag information
Peak regions of the lead/lag histograms show that the scintillations observed by the east-looking sensor are ahead of scintillations observed by the west-looking sensor by about 30 ± 10 min (that means the lead ranges from 20 to 40 min, Fig. 3c, 2008 ), by about 40 ± 10 min (Fig. 4c, 2009 ), and by about 40 ± 15 min (Fig. 5c, 2011 ). Lags (negative leads or phase) shown in the histograms correspond to mostly to a low coherence region. We also would like to point out that the lead/lag distribution has a relatively broader peak during the moderate solar activity year (2011) than the solar minimum years (2008 and 2009) . This is perhaps due to extended presence of the irregularities during moderate solar activity conditions. The local sunset difference between the two IPPs (east-and west-looking antennas) is about 36 min. This falls in the calculated 20 to 60 min lead times. However, in most cases, scintillation is generated well after local sunset (see Fig. 2a and b, for example) . Plasma instabilities and scintillation are generated after sunset when the local threshold geophysical conditions are convenient. The calculated 20 to 60 min lead times are determined by the complex geophysical system operating in the evening equatorial ionosphere. Practical and physical implications for scintillation prediction include the following: the main results of this paper indicate that, in statistically significant and high spectral coherence regions, VHF scintillation occurrences over the east of Christmas Island lead those of the scintillation occurrences over the west (about 1000 km to the west) by 20 to 60 min. In other words, a prediction can be made about 20 to 60 min ahead of scintillation occurrences to the west. In addition, from several years of lead and coherence information, a global probability model for scintillation forecast can be constructed. The spread in the occurrence delays of about 40 ± 20 (20 to 60) min implies different local time scintillation and plasma instability generation onsets to the west indicating that local sunset is not the only factor for the scintillation delay between the east and west. The various components of the geophysical system function in concert to generate scintillation that occurs with high likelihood in the west 40 ± 20 min after scintillation occurs in the east. 
Discussion
A data driven investigation of longitudinal correlation of equatorial scintillation, which is related to the work at hand, has been reported by Caton and Groves (2006) . Using longitudinally separated ground-based scintillation observations, they have investigated the longitudinal correlation of VHF and L-band scintillations over the nighttime equatorial ionosphere. They have concluded that significant correlation (> 40 %) of scintillation observations for longitudes separated by as much as 30 • . In a recent publication, have reported that L-band scintillation occurrences over São Luís (Alta Floresta) lead those of Rio Branco (Huancayo) by about 2 to 3 h during equinox seasons (September to November 2012, and March to April 2012) -these equatorial locations in South America are separated by about 20 • longitudes. The results presented in this paper, for VHF scintillation observed over Christmas Island, confirm also that global scintillation forecasting strategy can be built using longitudinally separated scintillation observations. Our results provide a measure of statistical significance of the calculated coherent and phase values.
E. B. Shume et al.: Phase and coherence analysis
The phase (lead/lag) and coherence analysis technique shows that the longitudinally separated scintillationproducing regions are phase locked and are mutually coherent ionospheric plasma density irregularity structures. The longitudinally separated scintillation-producing regions might be connected by large-scale wave structures (for example, Thampi et al., 2009; Tsunoda et al., 2011) , which are reported to be related to the generation of equatorial spread F and scintillation. At the moment we are carrying out research to investigate the relationship between the LSWSs and lower atmospheric waves propagating from below using CERTO beacon scintillation data from the C/NOFS satellite (de La Beaujardiére and the C/NOFS Science Definition Team, 2004) thereby to understand the underlying mechanism of generating equatorial spread F irregularities and scintillation.
Summary and conclusions
This report presents phase and coherence of VHF scintillation observations carried out over Christmas Island. VHF scintillation data from the peak seasons (June to October) of 2008, 2009, and 2011 observed by the east-looking and west-looking monitors have been selected to do the analysis. Our analysis has shown that, in statistically significant regions with high cross-spectral coherence, VHF scintillation occurrences over the east of Christmas Island lead those of the scintillation occurrences over the west (about 1000 km to the west) by 20 to 60 min suggesting a forecast can be made ahead of scintillation occurrences. The phase and coherence of cross-wavelet transform is instrumental to build global scintillation forecast system westward of observation sites based on scintillation observations to the east.
